Fully restrained fiber-oriented sheets, machine-made paper, and handmade sheet by the standard method were prepared from Manila hemp pulp. Strain-to-failure of the fiber-oriented sheets was almost the same in both the machine (MD) and the cross machine (CD) directions, while a distinct direction-dependence was observed in the machine-made paper. This indicates that a degree of fiber orientation of paper is not a dominant factor controlling strain at break. Furthermore, dried-in shrinkage in CD of the machine-made paper can be simply estimated by comparison of strain-to-failure of this paper with that of the fully restrained fiber-oriented sheet or the handmade sheet prepared. Uneven profile of strain-to-failure in CD of the machine-made paper is observed over the width direction. This profile may possibly be explained by analogy of the geometrical and mechanical conditions of the wet web at the dryer pocket with those of the short span thin body. Notable acoustic emission (AE) from the specimens sampled from both edge and center of the dried web in the elongation test was not observed except at the final stage of plastic region. The result indicates that difference of strain-to-failure between them is attributed to a different degree of dried-in shrinkage since structural breakage like bond failure or fiber breakage which may happen in plastic deformation causes emission of elastic wave.
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Introduction
A machine-made paper has anisotropy in various kinds of mechanical and physical properties. It has been proved by many studies [1] [2] [3] [4] [5] that tensile strength of the paper is pronouncedly affected by a degree of fiber orientation. A method for determining fiber orientation from the measurement of a zero-span tensile strength has been adopted experimentally based on this fact [6] [7] [8] [9] . On the contrary, initial slope or plastic deformation behavior in the elongation test is mainly controlled by both drying tension and fiber orientation [5, 10, 11] . Complicated micro-structural features of the fiber network contributing to the plastic deformation are developed in the paper making process [12] [13] [14] [15] [16] [17] .
It was proved in a previous report [ 18] that there is no dimensional change in the handmade sheet dried on the metal plate, and that the dried-in shrinkage introduced into the partially restrained sheet is extended quantitatively in the elongation test. The fiber-oriented sheet having no drying shrinkage is able to be prepared by adoption of this fully restrained drying method. Then, comparison of the loadelongation behavior of the fiber oriented sheet made by this method with that of the machine-made paper under the same degree of fiber orientation will bring us a possibility of separation of the dried-in shrinkage from the total strain-to-failure of the machine-made paper.
A commercial paper web is manufactured on a papermaking machine with longitudinal drying tension. According to the computer calculation results using the finite element method applying to the rectangular thin body whose width was more than two times wider than its length under prohibition of lateral movement at the top and bottom grip ends, tensile force was generated laterally [19] . The shape of the thin body and the geometrical condition of this calculation are analogous to those of wet web at the open draw. The laterally generated tensile force in the wet web may influence the amount of drying shrinkage in the cross machine direction (CD). Consequently, variation of strain-to-failure over CD of the machine-made paper is also discussed. Since a generation pattern of acoustic emission (AE) in the elongation test gives some useful information on failure mechanism of the fiber network [20, 21] , AE measurement is also applied to the elongation test of the machine-made paper In a previous report [18] 
Measurement of Acoustic Emission
The measurement system adopted in this study was described previously [18] .
Results and Discussion

Fiber Orientation of the Sheets
The results of the wet zero-span tensile test for the fiber-oriented sheet no.1 to no.4, the machine-made paper, and the handmade sheet are shown in Table 1 . The zero-span tensile strength was expressed in a unit of kNm/g. Zero degree in this table corresponds to MD. Then, a degree of fiber orientation of these sheets was calculated using the 2-term cosine function, f2 (0), which was first employed by Perkins and Mark [22] : (1) 
As a matter of course, the value of n, shown in Table   2 Table 1 Wet zero-span tensile strength for all samples tested. Table 2 for the machine-made paper and the fiber-oriented sheet no.4 indicate that both samples have an almost identical degree of fiber orientation. Then, comparison of mechanical properties between the two was made. Load-elongation curves of these samples in MD and CD are summarized in Fig. 1 . Although tensile strength of the machine-made paper (A) in MD and that of the fiber-oriented sheet (B) in CD were slightly higher than the respective directions of the other specimen, the value of the two samples in MD and CD were fairy close. Further precise comparison of tensile strength is difficult, however, because of the different papermaking conditions between them. The wires used and drainage condition in the two papermaking processes could not be standardized in this study. For example, difference of fine content in the two samples may to some extent contribute to their respective tensile strength. However, the results shown in Fig. 1 indicate that at least a degree of fiber orientation is a significant factor controlling tensile strength of paper as reported in the previous studies [1] [2] [3] [4] [5] . The load-elongation curve of the handmade sheet made from the same stock is also shown as a dashed line in this figure. Tensile strength of this sheet was between that of MD and CD of the other two samples.
It was also proved from this figure that both MD and CD samples of the fiber-oriented sheet no.4 were elongated at much the same level before failure. All the fiber-oriented sheets tested showed a similar tendency. Almost the same results were reported by Htun and Fellers [26] . They prepared the fiber-oriented sheets The reason for appearing the uneven profile of deformation at break in the machine-made paper has not fully elucidated, although the phenomena is widely admitted [11, 27] . One of the conceivable reasons will be discussed next.
As mentioned before, mechanical and geometrical conditions of the paper web running at the dryer pocket are analogous to the short span tensile state as described in the literature [19] . The short span is defined as a rectangular thin body whose width is fairly larger than its test span [28] . The web is pressed on the surface of the cylinder by the canvas, which prohibits lateral shrinkage of the web. This geometrical boundary condition generates tensile stress laterally. Kimura has already calculated stress and strain profiles of a dried paper in this short span tensile state [19] . Here, as one of the examples, the calculation result of the tensile stress profile in the lateral direction under the longitudinal tensile force for the dried paper is reproduced in Fig. 5 . Although a set of the elastic constants adopted in the computer calculation for the paper were much higher than that for the wet web, similar stress and strain profiles should be expected so long as calculated under the same mechanical and geometrical boundary conditions. The lateral tensile stress at the center part of the web was found to be (53) Vol.55,No.3 (1999) 132 higher than that at both edges. The tensile stress generated laterally restrains drying shrinkage in CD. Then, the plot of strain-to-failure of the machine-made paper against width direction shown in Fig. 4 may be explained this way. On the contrary, no dependence of sampling position in the width direction on strain-to-failure in MD was observed. 3.4 Measurement of Acoustic Emission (AE) Figure 6 shows acoustic emission events generated during elongation for three samples prepared from the machine-made paper. E and C in this figure denote the paper web position cut out of the edges and the center as the test sample. A number of acoustic emissions were detected at the final stage of the elongation test for all three samples. No elastic wave was generated except at the sheet failure stage, which was consistent with the previous results where the handmade sheets partially restrained from drying shrinkage were used as model sheets [181. Although strain-to-failure in CD of the specimens sampled from both edges of the web was higher than that from the center, a similar tendency of AE event was observed. This indicates that almost no structural breakage in the fiber network causing emission of elastic waves in CD of the machine-made paper occurred even at the middle stage of the plastic region in the elongation test. The fact also supports the assumption that the difference in strain-to-failure between the edge and the center samples is due to extension of dried-in shrinkage in the elongation test.
Concluding Remarks
A large value of strain-to-failure in CD of a machine-made paper is widely observed although a small effort inquiring into reason of the phenomena has made. By comparing strain-to-failure between CD of the machine-made paper and that of the fully restrained fiber-oriented sheet at the same degree of fiber orientation, the difference between these values was found to be due to the amount of dried-in shrinkage.
Subsequently, an uneven profile of strain-to-failure over the width direction of the machine-made paper was assumed to be attributed to an unequal tensile force distribution generated in CD at the open draw. A pattern of acoustic emission of the machine-made paper in both MD and CD was similar to that of the partially restrained handmade sheet reported in a previous paper. The result indicates that no structural change like bonding failure or fiber breakage takes place.
Thus, this result also supports the assumption on the elongation mechanism described above.
This study was presented at the annual meeting of this society held in Tokyo, July, 1994. 
